Increasing evidence indicates that microRNAs (miRNAs) may be critical players in spermatogenesis. The miRNA expression profiles of THY1 + -enriched undifferentiated spermatogonia were characterized, and members of Mir-17-92 (Mirc1) and its paralog Mir-106b-25 (Mirc3) clusters are significantly downregulated during retinoic acid-induced spermatogonial differentiation, both in vitro and in vivo. The repression of microRNA clusters Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) by retinoic acid in turn potentially upregulates the expression of Bim, Kit, Socs3, and Stat3. The male germ cell-specific Mir-17-92 (Mirc1) knockout mice exhibit small testes, a lower number of epididymal sperm, and mild defect in spermatogenesis. Absence of Mir-17-92 (Mirc1) in male germ cells dramatically increases expression of Mir-106b-25 (Mirc3) cluster miRNAs in the germ cells. These results suggest that Mir-17-92 (Mirc1) cluster and Mir-106b-25 (Mirc3) cluster miRNAs possibly functionally cooperate in regulating spermatogonial development.
INTRODUCTION
Spermatogenesis is a complex process in which long-term production of sperm is dependent on the proper function of spermatogonial stem cells (SSCs) [1] . Spermatogonial stem cells are among the undifferentiated spermatogonia that include A single (A s ), A paired (A pr ), and A aligned (A al ) spermatogonia [1] . According to the classic model, the A s cells are considered to have stem cell potential and are therefore capable of both self-renewal to maintain their own population and differentiation to generate daughter cells destined to undergo spermatogenesis [2] . However, recent studies have indicated that some A pr and A al cells retain stem cell potential and can replenish the SSC pool during regeneration [3] . The undifferentiated spermatogonia (A s , A pr , and A al ) differentiate into A 1 spermatogonia (termed spermatogonial differentiation), which further undergo programmed processes to eventually give rise to sperm [2] . Spermatogonial differentiation is one of the key steps in spermatogenesis [2] ; however, the molecular mechanism underlying spermatogonial differentiation is still poorly understood.
A growing body of evidence indicates that both transcriptional regulation and posttranscriptional regulation are important for directing the expression of genes essential for spermatogenesis, including spermatogonial differentiation. MicroRNAs (miRNAs) are short noncoding RNAs that finetune protein expression posttranscriptionally via directly targeting an miRNA-induced silencing complex (miRISC) to their target messenger RNAs, and have been implicated in numerous cellular events, including self-renewal, proliferation, differentiation, and apoptosis [4] . There are hundreds of miRNAs found in a given mammalian genome, and their ability to potentially modulate a large number of genes simultaneously reveals that they may be master regulators of transcriptional networks [4] . Recent studies from the expression of miRNAs in the mammal testis [5] [6] [7] [8] [9] [10] [11] and the germ cell developmental defect in the loss of DICER in germ cells [12, 13] have underscored the critical role of miRNAs in spermatogenesis.
To further explore the functional significance of miRNAs in spermatogonial development, we used miRNA microarrays to characterize the expression profiling of miRNAs in mouse THY1 þ -enriched undifferentiated spermatogonia. We have previously demonstrated a potential role for the Mirlet7 family miRNAs in spermatogonial differentiation [10] . In this study, we focused on the role of two paralogous miRNA clusters: the Mir-17-92 (official symbol Mirc1) and its paralog Mir-106b-25 (official symbol Mirc3) cluster miRNAs, which are highly expressed in THY1 þ -enriched undifferentiated spermatogonia.
MATERIALS AND METHODS

Animals and Treatments
The C57BL/6 (B6) female mice (The Jackson Laboratory) were placed on a vitamin A-deficient (VAD) diet (Teklad Trucking) for at least 4 wk and then bred with B6 males. The males born to these dams continued to receive the VAD diet until they became deficient, as previously described [10] . At the age of ;14 wk, when body weight was slightly decreased, animals were treated by i.p. injection with 100 ll of 10 mg/ml all-trans-retinoic acid (ATRA; 1 mg per animal; Sigma) or vehicle (sesame oil) twice for 24 h. Testes were collected 12 h after the second injection and immediately either used for total RNA extraction using Trizol (Invitrogen) or processed for histological validation as described below. Use of mice in this study was approved by the Institutional Animal Care and Use Committee of Washington State University.
Isolation of THY1
þ Spermatogonia and Cell Cultures THY1 þ spermatogonia were isolated using magnetic-activated cell sorting with magnetic microbeads conjugated to anti-THY1 þ (Miltenyi Biotech) as described previously [14] [15] [16] . About 85% of the isolated spermatogonia were POU5F1 positive as determined by POU5F1 staining (data not shown). THY1 þ spermatogonia from 6;8-day-old pups were cultured in 35-mm dishes at a densities of 1.5 3 10 5 cells per dish under feeder cell-free medium and 2 ml of the serum-free medium for 24 h with 0.7 lM ATRA or vehicle (ethanol; its final concentration was less than 0.1%) at 378C in an atmosphere of 5% CO 2 in air. The serum-free medium is identical to the Kubota/Brinster medium without growth factors [15, 16] . The P19 cell line (mouse embryonal carcinoma cells) was obtained from the American Tissue Culture Collection (ATCC) and grown in a-minimal essential medium (Invitrogen) supplemented with 10% fetal calf serum in 5% CO 2 at 378C. Cells were treated with ethanol or ATRA for the indicated periods of time.
miRNA Array Analysis
Total RNA was extracted from isolated THY1 þ spermatogonia for miRNA array analyses using Trizol. The RNA samples were treated with DNase (Ambion) to remove possible contaminating genomic DNA. The integrity of the RNA was determined using RNA electrophoresis. A total of 1 lg of total RNA from each sample was labeled with the FlashTag Biotin Labeling Kit (Genisphere) according to Genisphere's protocol. Following labeling, the two independent samples were hybridized on Affymetrix GeneChip miRNA arrays based on the miRBase database, according to the manufacturer's recommendations (Affymetrix). These arrays are capable of detecting 491 mouse miRNAs. Hybridization, washing, and scanning of the slide were done at the Washington State University Center for Reproductive Biology Genomics Core Facility. Data were extracted from the images and analyzed using the miRNA QC tool from Affymetrix. Both an expression value of more than 50 and a P value of less than 0.05 were used as a cutoff for expressed miRNAs.
Northern Blot Analysis
For miRNA blots, 15 lg of total RNA from mouse testes was separated on 15% denaturing PAGE gels and electrotransferred to Hybond-NX membranes (Amersham Biosciences). DNA oligonucleotide probes (Integrated DNA Technologies) complementary to mature miRNAs were end labeled with [c-32 P]-ATP using T4 polynucleotide kinase (Invitrogen), and hybridizations were performed at 428C in UltraHyb-Oligo Buffer (Ambion).
In Situ miRNA Hybridization with Locked Nucleic Acid Probes
The miRNA in situ hybridization (ISH) was preformed essentially as previously described [10] using digoxigenin (DIG)-labeled locked nucleic acid (LNA) probes or scrambled control (Exiqon). Briefly, the adult B6 mice testes were fixed in 10% neutral-buffered formalin for 24 h and then dehydrated through a graded ethanol series before paraffin embedding and sectioning at 5 lm. Sections were deparaffinized and treated with proteinase K (Roche). The LNA probes (200 nM; Exiqon) diluted with Enzo ISH buffer (Enzo Diagnostic) were hybridized to the slides overnight at 378C, and the slides were washed in 0.23 saline-sodium citrate with 2% bovine serum albumin at 48C for 5 min. Sections were then incubated with alkaline phosphatase-conjugated antibodies to DIG (1:100; Roche) and developed with nitro-blue tetrazolium chloride/ BCIP solution (5-bromo-4-chloro-3 0 -indolyphosphate p-toluidine salt; Roche). Slides were counterstained with nuclear fast red (Vector Laboratories) and then digitally photographed on a Nikon Microphoto-FX microscope (Meridian Instrument Company Inc.) with an Olympus OLY-200 digital camera (Olympus America Inc.).
Quantitative RT-PCR Assays
Expression levels of Mir-17-92 (Mirc1) cluster miRNAs were determined by quantitative RT-PCR (qRT-PCR). Total RNA was extracted using Trizol reagent (Invitrogen), treated with DNaseI (Ambion), and quantified in an ND-1000 Spectrometer (Thermo Scientific). Only RNA samples with a value of !1.8 on 260:280 ratios were used for subsequent qRT-PCR analyses. The qRT-PCR for miRNAs was performed using Mir-X miRNA First-Strand Synthesis Kit and SYBR Advantage qPCR Premix (Clontech) on an Applied Biosystems 7500 Fast system according to the manufacturer's instructions. Relative expression of each miRNA was normalized to the U6 snRNA (DC T ) in each sample. Quantitative expression of a given miRNA between retinoic acid (RA) treatment and vehicle was determined according to the C T method (2 ÀDDCT ) [17] . For messenger RNA (mRNA), total RNA from each sample was reverse transcribed using an iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was performed with Fast SYBR Green PCR Mastermix (Applied Biosystems) on the Applied Biosystems 7500 Fast system. Relative expression of Bcl2l11 (Bim), Kit, Socs3, and Stat3 was normalized to the ribosomal protein S2 (Rps2) in each sample. Quantitative comparison of a given RNA between RA treatment and vehicle was determined using the comparative C T method [17] . 
Fertility and Spermatogenesis Studies
Vasa
Cre/þ and their littermates was tested in a controlled mating experiment in which each male was housed for 1 mo with two B6 females aged 3 mo. The females were monitored for copulatory plug and pregnancy, and the number and size of litters were recorded. Spermatogenesis was evaluated by analyzing testis weights, caudal epididymal sperm numbers, and testicular histopathology. To determine sperm numbers, the caudal epididymis of 8-to 12-wk-old Mirc1 flox/flox
Cre/þ and their littermates were collected in PBS and were cut to allow sperm to swim out into PBS for 15 min at room temperature. The number of sperm was quantified using a hemocytometer. Tissues were either processed for histology or for isolating spermatogonia as described above.
Statistical Analyses
For all analyses, data were statistically processed using a Student t-test for all pairs computed by SigmaStat 3.0 (SPSS). A P value of 0.05 was considered significant. Data represent mean 6 SD.
RESULTS
miRNA Signature in the THY1
þ Undifferentiated Spermatogonia Population
We performed miRNA microarrays to profile the mature miRNA expression in mouse THY1
þ spermatogonia (referred to as THY1 þ -enriched undifferentiated spermatogonia) from the testes of Day 7 B6 mice. We identified 107 miRNAs that were expressed in THY1
þ -enriched undifferentiated spermatogonia (Supplemental Table S1 , available online at www. biolreprod.org). Most of the miRNAs in the THY1 þ -enriched undifferentiated spermatogonia were found to be transcribed from the polycistronic clusters, such as the Mir-17-92 (Mirc1), Mir-106b-25 (Mirc3), Mir-106a-363 (Mirc2), Mir-99b-125a (Mirc9), Mir-15b-16 (Mirc10), and Mir-23a-24 (Mirc11) clusters. Comparison of levels in biological duplicates for microarray analysis indicated good reproducibility (c ¼ 0.989, P , 0.0001).
Within the 15 most abundant miRNAs in this profile (Table  1) , Mirlet7 family members (e.g., Mirlet7/a/b/c/d/e) have been shown to play important roles in spermatogonial differentiation [10] . Notably, Mir-17-92 (Mirc1) cluster miRNAs, which are well known to function critically in self-renewal/proliferation of embryonic stem and tumor cells [20] , were highly expressed in THY1
þ -enriched undifferentiated spermatogonia. This result is consistent with a recent study that identified the Mir-17-92 (Mirc1) cluster as highly enriched miRNAs in mouse neonatal spermatogonia [12] . The Mir-17-92 (Mirc1) cluster consists of six distinct miRNAs (e.g., Mir-17, Mir-18a, Mir-19a/b, miR20a, and miR-92a) that are processed from a common primary transcript and belong to four miRNA families based on their seed sequence (Fig. 1a ) [20] . There are two known paralogs for the Mir-17-92 (Mirc1) cluster in both human and mouse: Mir106a-363 (Mirc2) and Mir-106b-25 (Mirc3) [20] . Within these clusters, Mir17, Mir20a, and Mir93 were the three most highly expressed in THY1 þ -enriched undifferentiated spermatogonia. Interestingly, like the Mir-17-92 (Mirc1) cluster, its paralog Mir-106b-25 (Mirc3) cluster miRNAs were abundant in spermatogonia, whereas another paralog cluster, Mir-106a-363 (Mirc2), whose role is almost identical to that of Mir-17-92 (Mirc1), is rarely expressed in THY1
þ -enriched undifferentiated spermatogonia. These data suggested that Mir-17-92 (Mirc1) cluster and its paralog Mir-106b-25(Mirc3) cluster could play a role in germ cell development.
Mir-17-92 (Mirc1) Cluster miRNAs Expressed in Mouse Testis
To confirm the miRNA microarray data, we initially explored the expression of Mir-17-92 (Mirc1) cluster miRNAs in the developmental stages of mouse testes using Northern blot analysis. Figure 1b shows that Mir-17-92 (Mirc1) miRNAs displayed an age-dependent expression, with the highest level in the testes of 3-day-old mice. To further characterize the expression pattern of Mir-17-92 (Mirc1) cluster miRNAs in testis, we performed ISH on adult testes using DIG-labeled LNA probes. Mir17 was highly expressed in the early stages of germ cells and greatly decreased as germ cells matured (Fig.  1c) . Mir20a was mainly observed in the spermatogonia and preleptotene spermatocytes (Fig. 1d) . In addition, both Mir17 and Mir20a showed a weak staining in Sertoli cells and miRNAs REGULATE SPERMATOGONIAL DIFFERENTIATION interstitial cells. The specificity of the probes was verified by hybridization with an LNA scrambled probe (data not shown). These experiments revealed that Mir17-92 (Mirc1) cluster miRNAs might contribute to germ cell development. We previously demonstrated that RA treatment resulted in an upregulation of Mirlet7 family members via LIN28 during RA-induced spermatogonial differentiation [10] . To examine the dynamics of the expression of Mir-17-92 (Mirc1) and its paralog Mir-106b-25 (Mirc3) cluster miRNAs, we used both an in vitro model and a VAD in vivo model of mouse spermatogonial differentiation as described previously [10] .
Expression of miRNAs from
gel electrophoresis (data not shown), verifying the specificity of the amplification. We found that the expression levels of all six miRNAs within the Mir-17-92 (Mirc1) cluster and all three miRNAs within the Mir-106b-25 (Mirc3) cluster, except for Mir20a and Mir92a in the in vivo model, were significantly decreased in both in vitro (Fig. 2, a and c ) and in vivo (Fig. 2, b and d) models after RA treatment. We also observed an inhibition of expression of the Mir-17-92 (Mirc1) cluster miRNAs in P19 cells after exposure to RA for 24 h (Fig.  1b) . þ spermatogonia. THY1 þ spermatogonia from six to eight mice at ages 6-8 days in each experiment were pooled and were treated with ethanol or RA (0.7 lM) for 24 h in vitro, and miRNAs were subjected to qRT-PCR. U6 snRNA was used for normalization between samples (mean 6 SD, *P , 0.05, ethanol control vs. RA treatment for 24 h, n ¼ 3; Student t-test). b) Treatment of VAD male mice with RA for 24 h significantly reduced the expression of the Mir17, Mir18a, Mir19a, and Mir19b in testes (mean 6 SD, *P , 0.05, sesame oil control vs. RA treatment for 24 h, n ¼ 8; Student t-test). c) Retinoic acid-repressed expression of the Mir-106b-25 (Mirc3) cluster miRNAs in isolated THY1 þ spermatogonia (mean 6 SD, *P , 0.05, ethanol control vs. RA treatment for 24 h, n ¼ 3; Student t-test). d) Treatment of VAD male mice with RA for 24 h significantly decreased the expression of the Mir-106b-25 (Mirc3) cluster miRNAs in testes (mean 6 SD, *P , 0.05, sesame oil control vs. RA treatment for 24 h, n ¼ 8; Student t-test).
Putative Targets of
TONG ET AL. miRNAs during spermatogonial differentiation as described previously. We chose this approach because mRNA degradation in animals also contributes to miRNA-mediated regulation of gene expression, which can be examined by mRNA microarrays [21, 22] . Based on our microarray database of both an in vitro model and a VAD in vivo model of mouse spermatogonial differentiation (Tong et al., unpublished data), TargetScan analysis (www.targetscan.org) [23, 24] identified about 1000 putative target genes of Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) cluster miRNAs in both THY1
þ -enriched undifferentiated spermatogonia and RA-untreated VAD mouse testis. Because the Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) clusters were downregulated during RA-induced spermatogonial differentiation, we expected that most of their targets should be concurrently upregulated. We therefore focused on RA-inducible genes that were predicted to be potential targets of the Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) clusters. Within the profiling of putative target genes for RA-downregulated Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) cluster miRNAs, Bcl2l11 (also known as Bim) [25] , Kit [26] , Socs3 (suppressor of cytokine signaling 3) [27] , and Stat3 [28] are known to be important for spermatogonial development. Figure 3a þ spermatogonia from six to eight mice at ages 6-8 days in each experiment were pooled and were treated with ethanol or RA (0.7 lM) for 24 h in vitro. For the in vivo model, VAD male mice were treated with sesame oil or RA for 24 h. Total RNA was subjected to qRT-PCR, and Rps2 was used for normalization between samples.
miRNAs REGULATE SPERMATOGONIAL DIFFERENTIATION transcription of Bcl2l11, Kit, and Socs3 was significantly increased after RA treatment in both the in vitro (Figure 3b ) and in vivo (Figure 3c ) systems that we tested, whereas expression of Stat3 mRNA was significantly stimulated by RA treatment in the in vitro system. , mean 6 SD, n¼4, P , 0.05, t-test; Fig.  5c ), but the morphology of sperm from the knockout mice did not appear different from that of sperm from their littermates at the light microscope level (data not shown). Histological evaluation showed that testes from 8;12-wk-old Mirc1 GCÀ/À mice exhibited an incompletely penetrant phenotype of abnormal seminiferous tubules (about 10%), with detached germ cells (Fig.  5e, arrow) and some Sertoli cell-only tubules (Fig. 5e, asterisks) , whereas other tubules appeared to contain germ cells from all stages of spermatogenesis. Such defects were not shown in the Mirc1 flox/flox males ( Fig. 5d) and Mirc1 flox/þ Vasa Cre/þ males (data not shown). During a 1-mo controlled mating period, litter size from Mirc1 GCÀ/À males mated with wild-type females was slightly lower than that of Mirc1 flox/flox males with wild-type females; however, the difference did not reach statistical significance (5.86 6 1.68 for knockout, n ¼ 7; 7 6 1.07 for Mirc1 flox/flox , n ¼ 8; mean 6 SD, P ¼ 0.07, t-test). 
Mir-17-92 (Mirc1) Cluster Loss of Function in Male Germ
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that the Mir-106b-25 (Mirc3) cluster may partially compensate for the loss of the Mir-17-92 (Mirc1) cluster in germ cells (Fig.  6a) . The qRT-PCR analysis further showed that Mir-17-92 (Mirc1) cluster-deficient germ cells contained similar transcriptional levels of Bcl2l11, Kit, Socs3, and Stat3 to cells of Mirc1 flox/flox controls (Fig. 6b) . Overall, these results suggest that Mir-17-92 (Mirc1) and its paralog Mir-106b-25 (Mirc3) cluster miRNAs may functionally cooperate in regulating germ cell development.
DISCUSSION
Using miRNA array, we identified 107 miRNAs enriched in the mouse THY1 þ -enriched undifferentiated spermatogonia. The most abundant miRNAs included Mir709, which can target the brother of the regulator of imprinted site (Boris, official symbol Ctcfl) to prevent aberrant erasure of DNA methylation in germ cells by genotoxic stress [29] . Interestingly, Mir709 is also among the most abundant miRNAs in ovaries of newborn mice [30] , suggesting that it could be implicated in germ cell development. Mirlet7 was initially discovered in Caenorhabditis elegans as a regulator of developmental timing and cellular differentiation [31] . The Mirlet7 family miRNAs are highly conserved across species in both sequence and function, and frequently have multiple copies in a genome. The functions for Mirlet7 include stem cell differentiation, spermatogonial differentiation, neural development, and tumor suppression [32] . We also found that many of the abundant miRNAs in spermatogonia are transcribed from the polycistronic clusters, indicating that similar upstream regulators may control their expression in undifferentiated spermatogonia.
It is notable that both the Mir-17-92 (Mirc1) and its paralog Mir-106b-25 (Mirc3) clusters were highly expressed in THY1 þ -enriched undifferentiated spermatogonia. The Mir-17-92 (Mirc1) cluster is emerging as a critical oncogene that is amplified and overexpressed in B-cell lymphoma [20] , leukemias [33, 34] , lung [35] , liver [36] , breast [37] , colon [38] , brain [39] , pancreas [38] , prostate [38] , and testicular tumor [40] (Tong et al., unpublished results) , where the overexpression of Mir-17-92 (Mirc1) cluster could be critical for maintaining the undifferentiated status in tumor cells. Like 
miRNAs REGULATE SPERMATOGONIAL DIFFERENTIATION
Mir-17-92 (Mirc1), the Mir-106b-25 (Mirc3) cluster has also been involved in tumorigenesis. However, recent studies have demonstrated that, except for its role in tumorigenesis, the Mir-17-92 (Mirc1) cluster is essential for the development of heart, lung, B cells [18] , and oligodendroyte [41] through promoting cell proliferation and inhibiting cell differentiation. Functional cooperation between the Mir-17-92 (Mirc1) cluster and its paralog Mir-106b-25 (Mirc3) cluster has been shown to be important for embryonic development [18] . This suggests that both the Mir-17-92 (Mirc1) cluster and its paralog Mir-106b-25 (Mirc3) cluster may play a role in SSC self-renewal and promoting proliferation of the undifferentiated spermatogonia. Spermatogonial differentiation relies on multiple intrinsic and extrinsic signaling molecules to control the expression of key genes. Retinoic acid is an important molecule initiating spermatogonial differentiation, because a deficiency in rat and mice results in blockage of the spermatogonial A al to A 1 transition [14, [42] [43] [44] . Retinoic acid has been shown to upregulate the expression of Mirlet7 family miRNAs via suppression of LIN28, which in turn represses the expression of MYCN and CCND1 in spermatogonia [10] . In the present study, we demonstrated downregulation of the members of both the Mir-17-92 (Mirc1) cluster and its paralog Mir-106b-25 (Mirc3) cluster during RA-induced spermatogonial differentiation. Bioinformatic analysis indicated that about 80 genes upregulated upon RA-induced spermatogonial differentiation were potentially targeted by members of the Mir-17-92 (Mirc1) cluster and Mir-106b-25 (Mirc3) cluster. It is of great interest to note that Bcl2l11, Kit, Socs3, and Stat3 were the predicted targets of the Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) cluster miRNAs. Of these, Bcl2l11, a BH3-only protein, is known to be a proapoptotic gene [45] . Spermatogenesis requires a precise regulation of germ cell density. Only small population of A 1 spermatogonia can reach the preleptotene stage, whereas the surplus of A 2 -A 4 spermatogonia was eliminated by apoptosis [2] . Previous studies indicated that Bcl2l11 and Bax cooperate to initiate apoptosis of surplus spermatogonia, because Bax
Bcl2l11
À/À caused an accumulation of spermatogonia in testes [25] . In addition, the expression of Stat3 has recently been demonstrated to promote the differentiation of SSCs [28] . Furthermore, Kit is a marker for differentiating spermatogonia, and is also involved in spermatogonial differentiation [2] . Some of these putative targets (such as Stat3 and Bcl2l11) for the Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) miRNAs have been validated in other cells using a variety of reporter assays [18, 46] . Moreover, overexpression of the Mir-17-92 (Mirc1) cluster in spermatogonia leads to a significant reduction in the expression of Bcl2l11, Kit, Socs3, and Stat3 (Tong et al., unpublished data). The exact relationships between the two miRNA clusters and potential targets in the undifferentiated spermatogonia need to be further established using specific transgenic mice (such as Ngn3-GFP) in the future. These data support the hypothesis that these differentiation-associated genes were repressed by the Mir-17-92 (Mirc1) cluster and Mir-106b-25 (Mirc3) cluster miRNAs in undifferentiated spermatogonia, and that miRNA inhibition during spermatogonial differentiation promotes cell fate transition by inducing the expression of differentiationassociated genes.
Although germ cell-specific Mir-17-92 (Mirc1) knockout male mice exhibited small testes and reduced numbers of sperm, we observed no significant change in their fertility compared with their littermates. One potential explanation is that deletion of Mir-17-92 (Mirc1) in male germ cells was partially compensated for by the presence of the Mir-106b-25 (Mirc3) cluster. Indeed, we found that absence of Mir-17-92 (Mirc1) markedly increased expression of the Mir-106b-25 (Mirc3) cluster miRNAs in the germ cells. The expression of Bcl2l11, Kit, Socs3, and Stat3 was not significantly changed by the loss of Mir-17-92 (Mirc1) in spermatogonia. These observations suggest that the Mir-17-92 (Mirc1) and Mir106b-25 (Mirc3) cluster miRNAs possibly functionally cooperate in regulating spermatogonial development. Evaluating the phenotypes of germ cell-specific Mirc1
GCÀ/À
Mirc3
GCÀ/À double-knockout mice in the future could test this hypothesis. In addition, at this point, we cannot exclude the possibility that the mildly lower fertility in knockout mice was a result of incomplete Cre-mediated excision of the Mir-17-92 (Mirc1) cluster.
In undifferentiated spermatogonia, the Mirlet7 family miRNAs are coexpressed with their targets, such as Lin28, Myc, and Mycn, that they repress [10] , suggesting that miRNAs TONG ET AL.
often act in fine-tuning gene expression rather than as gene on/ off switches. On the other hand, LIN28 specifically inhibits the processing of the Mirlet7 family miRNAs [47] , whereas MYC and MYCN positively induce the expression of Mir-17-92 (Mirc1) [48, 49] , and even Mir-106b-25 (Mirc3) cluster miRNAs [36] . It is tempting to speculate that LIN28, MYC, MYCN, Mir-17-92 (Mirc1), and Mir-106b-25 (Mirc3) cluster miRNAs could be fundamental for undifferentiated spermatogonia self-renewal and proliferation, whereas Mirlet7 family miRNAs could be a key factor for promoting differentiation. Therefore, we propose that they act in autoregulatory loops to maintain the undifferentiated spermatogonia self-renewal/ proliferation vs. differentiation. As undifferentiated spermatogonia differentiate (i.e., after RA treatment), LIN28 is downregulated. With the decrease of LIN28, Mirlet7 miRNAs promptly increase. This increase in Mirlet7 could then suppress MYC, MYCN, and its negative regulator LIN28. Loss of MYC and MYCN in turn prevents the expression of Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) cluster miRNAs. Downregulations in LIN28, MYC, MYCN, Mir-17-92 (Mirc1), and Mir106b-25 (Mirc3) all promote differentiation of the undifferentiated spermatogonia. Overall, we hypothesize that the LIN28-Mirlet7-MYC/MYCN-Mir-17-92 (Mirc1)/Mir-106b-25 (Mirc3) networks are essential for self-renewal/proliferation and differentiation of the undifferentiated spermatogonia, and that the delicate regulation of this network could be critical for spermatogonial development. This hypothesis will be further tested in our future experiments.
